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ABSTRACT
Extractives can account for between 1 to 20% of the oven-dry weight of wood of various tree
species and can influence wood density values appreciably. Removing these chemical deposits (ex-
traction) in wood samples can help establish a consistent baseline for comparing wood densities where
extractives are expected to differ between sample parameters. Although western hemlock is a very
important timber species in the Pacific Northwest, laboratories that determine wood density may or
may not remove extractives prior to density assessment. Wood density values were compared before
and after extraction for 19 young-growth western hemlock samples. Extraction was performed using
95% ethyl alcohol-toluene solutions. Ring density values averaged 0.045 g/cm3 lower for extracted
samples compared to unextracted samples across rings. Slightly higher amounts of extractives were
found at rings near the pith; however, a general consistency in extractive content existed among
samples and along the radial profile.
Keywords: Western hemlock, Tsuga heterophylla, extraction, wood density, X-ray densitometry.
INTRODUCTION
Nearly all softwood and many hardwood
tree species contain chemical deposits (resins,
tannins, gums, alkaloids, etc.) within and be-
tween wood cells. These materials (termed
‘extractives’) tend to be unevenly distributed
from pith to bark. Many factors can influence
their presence and quantity throughout the
woody stem, including but not limited to
† Member SWST.
heartwood/sapwood boundaries, tree ages,
growth rates, genetics, and site conditions. Be-
cause extractives can account for anywhere
from 1 to 20% of the oven-dry weight of
wood, they can have marked effects on wood
density values. In order to establish a more
consistent baseline for comparing wood den-
sity values among trees or for examining re-
lationships of other stem traits or tree and site
conditions to wood density, the extractives are
commonly removed with solvents prior to
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measuring the density of many tree species
(especially in the case of resinous conifers).
There are several methods of extraction, all
with the same basic goal of removing these
materials that are not part of the cell wall. In
the past a widely used method of extraction
involved boiling with alcohol-benzene (Voor-
hies 1969; Zobel and van Buijtenen 1989; Zo-
bel and Jett 1995; TAPPI Standard T204
1987), but most labs no longer use this process
because of the hazards of benzene. Other so-
lutions for extraction used more recently in-
clude 70% cyclohexane-30% ethanol (Varem-
Sanders and Campbell 1996), 1:2 alcohol-cy-
clohexene (Jozsa 1998), and acetone (Evans,
per. comm. 2002). Generally, the samples are
immersed in these solutions and boiled for as
long as 24 h, sometimes followed or preceded
by boiling in water.
Past studies of several softwood species
have shown that the presence of extractives
generally results in higher overall wood den-
sity (Taras and Saucier 1967; Clark and Taras
1969). Older conifer trees tend to have a high-
er extractive content, likely due to a higher
percentage of heartwood (contains larger
quantities of resinous material), compared to
young trees (Harris 1981; Megraw 1985).
Comparing sapwood densities of extracted and
unextracted samples, differences of 2–3%
were found for Pinus taeda (Megraw 1985).
Phenolic components were found to be much
higher in the inner heartwood compared to the
outer sapwood in a 150-year-old western hem-
lock tree (Barton 1968). Resin contents of 2%
for sapwood and 12% for heartwood were
found in Pinus radiata (Harris 1981).
There are several issues to consider when
evaluating whether to extract samples for den-
sity analysis. If the goal is to compare density
of wood from location to location within a
tree, or between trees or between sites, then it
needs to be determined whether extractives
also vary with these factors, and thus likely to
obscure the true differences that are being
measured. Zobel and van Buijtenen (1989, p.
11) suggest that ‘‘a good estimation of the ex-
tracted values can be obtained from unextract-
ed samples. For operational studies on young
trees, extractive removal is usually not done;
unextracted values will be inflated by about
the same amount and useful comparative val-
ues are obtained with unextracted wood.’’
On the other hand, if the amount of struc-
tural material per volume is of interest, then
the use of extracted values is more appropri-
ate, particularly if there is significant variation
in the amount of extractives among the sam-
ples one is comparing. To compare wood den-
sity to strength among species, it may be more
appropriate to use extracted values. Likewise,
to infer the relative strength of wood from two
sites if extractive content is site-dependent,
one can probably make a more accurate com-
parison using the extracted values.
Although data on extractive contents are
available for some softwood species, data for
western hemlock (Tsuga heterophylla (Raf.)
Sarg.) are limited, and there are inconsisten-
cies among laboratories as to whether extrac-
tion is routinely done for the species. In this
study we used X-ray densitometry to deter-
mine mean ring density, earlywood density,
and latewood density of western hemlock
samples before and after extraction. The ob-
jectives were to examine 1) overall differences
in densities due to extraction, 2) how such dif-
ferences in density vary from pith to bark, and
3) how well extracted densities can be pre-
dicted from unextracted densities.
METHODS
Study area and samples
The samples for this analysis come from
trees felled for a larger research project on in-
dustrial forest land in the northern Coast
Range of Oregon. The project area extended
from Tillamook to the Columbia River and
reached inland to include the eastern foothills
of the Coast Range mountains. (approximately
46809N latitude, 1238459W longitude). The
land base ranges in elevation from approxi-
mately 30 to 300 m, annual average precipi-
tation varies from 200 to 250 cm, and the av-
erage July maximum and January minimum
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TABLE 1. Attributes of the ten sample tress (crown ratio
is the proportion of total tree height that contains live
crown).
Mean St. dev. Min Max
Dbh (cm)
Total height (m)
Crown ratio
Tree age (yrs)
45.1
28.8
0.49
45.8
20.0
9.0
0.13
15.0
15.6
14.9
0.36
20.0
79.6
40.1
0.74
71.0
temperatures are 21 to 26.58C and 0 to 4.58C,
respectively. Trees were selected from a list of
trees within plots established in pure western
hemlock stands that represented a matrix of
three stand age, site, and stand density classes.
The age classes of stands in the matrix were
1) under 30 years, 2) 30–45 years, and 3) 45–
60 years; and both site and stand density were
classified as low, medium, and high. For this
study, a total of nineteen radial samples were
used, selected from 10 trees representing a
range of sizes and ages (Table 1). Eighteen of
the samples were long and short radii from
nine trees, and one sample was a short radius
from a tenth tree.
One-inch-thick cross-sectional disks were
collected from sample trees at various heights
within trees, but only breast height (1.3-m)
disks were used in this study. The disks were
transported from the field to OSU Forest Re-
search Lab within 4 days after cutting and
stored at 58C to curtail drying and fungal
growth. After all the samples were collected
and stored, a small cut was made from bark
to pith on each disk to prevent radial checking
when dried. The disks were then placed on
pallets and air-dried using fans to prevent
mold.
Two radial samples were sawn from each
disk for X-ray density analysis. These were
obtained from a bark-to-bark sample through
the pith such that it included a short and a long
radius, the two of which summed to the av-
erage sample diameter. A table saw and band
saw were used to cut each disk into strips 7
mm wide (cross-sectional) by 1.6 mm thick,
the dimensions needed for X-ray analysis.
X-ray and extraction procedures
The samples were placed in the room where
X-raying was performed so they could reach
an equilibrium moisture content. The samples
were then run through a direct-scanning X-ray
wood densitometer (Gartner et al. 2002) to de-
termine density variation within and between
growth rings. Data were collected every 200
mm along the scan, then deconvoluted using
standard methods (Liu et al. 1988) to give es-
timates of density back-calculated to dry mass
per green volume (g/cm3). The mass attenua-
tion coefficient needed to convert manipulated
values to basic densities was calculated for a
subset of eight radial samples before and after
extraction.
After the initial X-raying was complete, the
samples were extracted and X-rayed again.
The extraction procedure was done as follows:
The samples were boiled in an 800-ml beaker
in 95% ethyl alcohol-toluene solutions. The
samples were loaded vertically into the beaker
and boiled first with a 2:1 ratio of 95% ethyl
alcohol and toluene. Every 1.5 h, the solution
was changed and the ratio increased (4:1, 6:1,
10:1, and 20:1) until the last solution was
100% ethyl alcohol. Samples were then spread
on blotter paper, weighted to prevent out-of-
plane warping, and allowed to air-dry. They
were then equilibrated to the moisture content
of the X-ray room, then X-rayed and analyzed
again as described above.
Data analysis
Paired t-tests were performed on samples
comparing ring density, earlywood density,
and latewood density before and after extrac-
tion. The t-tests were performed on the means
of 5-year ring intervals (rings 1–5, 5–10, 10–
15, etc.). The 51–55 year mean ring interval
was eliminated because only two observations
existed. Differences were considered signifi-
cant at a 5 0.005, after applying Bonferroni’s
simultaneous inference method (Miller 1981)
for simultaneous paired t-tests. In addition, ra-
dial density profiles were plotted in order to
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TABLE 2. Paired t-test results of 5-year ring intervals for total ring, earlywood, and latewood density, comparing
extracted to unextracted samples.
N Rings
Ring density
T p-value
Earlywood density
T p-value
Latewood density
T p-value
18
19
19
19
17
17
15
12
10
8
19
1–5
6–10
11–15
16–20
21–25
26–30
31–35
36–40
41–45
46–50
all rings
13.59
17.74
30.20
18.25
26.83
9.65
24.65
15.21
14.39
14.33
43.26
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
12.07
16.43
16.66
17.04
14.27
13.72
13.33
10.01
15.84
9.24
35.26
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
8.31
12.49
13.91
15.42
13.85
10.49
12.60
7.07
8.57
5.87
23.36
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
,0.0001
0.0006
,0.0001
TABLE 3a. Total ring density (g/cm3) of unextracted vs. extracted western hemlock samples by growth ring intervals
from the pith (mean, standard error, and differences between unextracted and extracted).
Rings
No extract
Mean St Err
Extract
Mean St Err Actual difference Percent difference
1–5
6–10
11–15
16–20
21–25
26–30
31–35
36–40
41–45
46–50
all rings
0.509
0.453
0.434
0.431
0.446
0.447
0.454
0.454
0.477
0.460
0.455
0.007
0.006
0.005
0.004
0.006
0.006
0.005
0.005
0.007
0.009
0.002
0.451
0.404
0.394
0.391
0.401
0.408
0.410
0.415
0.430
0.414
0.410
0.006
0.005
0.005
0.004
0.006
0.006
0.005
0.005
0.007
0.009
0.002
0.06
0.05
0.04
0.04
0.05
0.04
0.04
0.04
0.05
0.05
0.04
12.7%
12.2%
10.3%
10.1%
11.2%
9.5%
10.8%
9.2%
10.9%
11.2%
10.9%
examine the magnitude of the differences from
pith to bark.
A simple linear regression equation was de-
veloped to determine how well extracted ring
density can be predicted from unextracted
density. The model was based on the overall
means (across all rings) for each sample. This
equation was then applied to the means of
rings 1–10 to determine how well a model
across all rings can predict specific parts of the
radial profile.
RESULTS
Extracted samples were significantly differ-
ent from unextracted samples for all 5-year in-
terval groups for ring density, earlywood den-
sity, and latewood density (Table 2). Mean
density across all rings was 0.45 before ex-
traction and 0.41 after extraction (Table 3a).
Ring density was on average 0.04 to 0.06
(9% to 13%) lower for extracted samples than
for unextracted samples, depending on inter-
val compared (Table 3a). Earlywood density
values averaged 0.03 to 0.05 (9% to 13%)
lower for extracted vs. unextracted samples
(Table 3b), and latewood density averaged
0.05 to 0.07 (9% to 14%) lower for extracted
samples than for unextracted samples (Table
3c).
The differences in extracted and unextracted
densities were relatively constant across radial
gradients for ring density (although slightly
higher for rings 1–10), as shown from the
small range of percentage differences across
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TABLE 3b. Earlywood density (g/cm3) of unextracted vs. extracted western hemlock samples by growth ring intervals
from the pith (mean, standard error, and differences between unextracted and extracted).
Rings
No extract
Mean St Err
Extract
Mean St Err Actual difference Percent difference
1–5
6–10
11–15
16–20
21–25
26–30
31–35
36–40
41–45
46–50
all rings
0.465
0.408
0.385
0.382
0.394
0.395
0.392
0.386
0.395
0.397
0.401
0.007
0.005
0.004
0.004
0.004
0.005
0.005
0.005
0.006
0.007
0.002
0.411
0.365
0.349
0.348
0.355
0.361
0.354
0.354
0.354
0.353
0.361
0.005
0.005
0.004
0.003
0.004
0.005
0.004
0.004
0.005
0.008
0.002
0.05
0.04
0.04
0.03
0.04
0.03
0.04
0.03
0.04
0.04
0.04
13.0%
11.8%
10.4%
9.7%
10.9%
9.7%
10.7%
8.8%
11.6%
12.6%
10.9%
TABLE 3c. Latewood density (g/cm3) of unextracted vs. extracted western hemlock samples by growth ring intervals
from the pith (mean, standard error, and differences between unextracted and extracted).
Rings
No extract
Mean St Err
Extract
Mean St Err Actual difference Percent difference
1–5
6–10
11–15
16–20
21–25
26–30
31–35
36–40
41–45
46–50
all rings
0.614
0.590
0.588
0.568
0.595
0.594
0.591
0.604
0.603
0.599
0.593
0.007
0.005
0.006
0.005
0.007
0.007
0.006
0.008
0.009
0.017
0.002
0.555
0.535
0.535
0.519
0.533
0.539
0.535
0.552
0.551
0.527
0.537
0.004
0.005
0.005
0.005
0.006
0.007
0.006
0.007
0.006
0.015
0.002
0.06
0.06
0.05
0.05
0.06
0.06
0.06
0.05
0.05
0.07
0.06
10.5%
10.4%
9.9%
9.6%
11.6%
10.3%
10.5%
9.4%
9.4%
13.7%
10.4%
ring intervals (Table 3a). Further support of
the consistency of extractive material was
found when examining pith to bark profiles for
each variable (Fig. 1a). Earlywood and late-
wood density showed a similar pattern as ring
density with the exception of ring interval 46–
50, which had greater mean differences be-
tween extracted and unextracted densities.
However, a relatively high amount of vari-
ability was associated with these ring interval
means, possibly influencing these differences
(Tables 3b–c, Figs. 1b–c).
A large proportion of the variation of the
extracted ring densities was explained by
unextracted ring densities (R2 5 0.984) (Fig.
2). The model performed well in the predic-
tion of extraction values for the means of rings
1–10 (Fig. 3). The absolute value of the resid-
uals ranged from 0.0018 g/cm3 to 0.026 g/cm3.
For predicting ring groups 10–20, 20–30, 30–
40, and 40–50 from this model, the mean of
the absolute values of the residuals for each of
group was less than for the prediction of rings
1–10, suggesting that this model was sufficient
for predicting all of the ring groups.
DISCUSSION AND CONCLUSIONS
The effect extraction can have on wood
density analysis depends on the factors being
evaluated. A difference of 0.02 g/cm3 in wood
density can be rather important; it can change
the modulus of rupture by about 1000 lbs/in2
(70.4 kg/cm2) (Mitchell 1963) and the yield of
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Fig. 1(a–c). Density profiles (means with standard er-
ror bars) of extracted and unextracted samples for total (a)
ring density, (b) earlywood density, and (c) latewood den-
sity.
Fig. 2. Simple linear regression with plotted overall
mean density values for extracted vs. unextracted samples.
Fig. 3. Actual extracted mean density values and
model estimated extracted density values for rings 1–10.
pulp from a cord of pulpwood by 50 lbs (22.7
kg) (Zobel and van Buijtenen 1989). Thus, in
genetic evaluations or timber assessments, we
may wish to identify genotypes or geographic
sources that differ by 0.02 g/cm3 from the
norm. Similarly, in basic studies of factors that
influence density, we may want to detect any
trends in density with growth rate, site con-
ditions, stand spacing, or with other attributes
that lead to a change of 0.02 g/cm3 or more.
Data from the current study indicate that var-
iation around any adjustment of nonextracted
values is not great enough to mask detection
of differences of 0.02 g/cm3 in structural wood
density (average residual 5 0.0094 g/cm3).
However, applying a model outside a study’s
scope of inference would pose a significant
risk of loss of accuracy, particularly when con-
sidering the effect of a small difference in den-
sity. Thus, if valid extracted values are de-
sired, at least a subset of samples should be
extracted in order to build an applicable mod-
el.
It is evident from the analyses that signifi-
cant amounts of extractives are present in
young western hemlock. The differences be-
tween extracted and unextracted samples var-
ied between 9% and 14% for total ring den-
sity, earlywood density, and latewood density.
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Rings 1–10 tended to have slightly more ex-
tractives than other ring intervals, although in
general the amount of extractives tended to re-
main consistent across radial gradients in these
samples. Differences between extracted and
unextracted wood densities near the pith ap-
peared to be the same as wood in the middle
and outer rings. Some of this may be due to
having samples of relatively young trees; thus
the presence of heartwood may have been
minimal. If greater amounts of heartwood
were present in these trees, we might have ob-
served much higher overall differences before
and after extraction in the inner rings.
Density difference caused by extractions
was similar across the radius and among sam-
ples, suggesting it is appropriate to compare
unextracted samples to look at density varia-
tion. In contrast, where accurate estimations of
extracted density values are appropriate (such
as when strength properties are related to den-
sity), study-specific models estimating extract-
ed density from unextracted density are need-
ed.
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